Climate factors influence the transmission of dengue fever, the world's most widespread vectorborne virus. We examined the potential added risk posed by global climate change on dengue transmission using computer-based simulation analysis to link temperature output from three climate general circulation models (GCMs) to a dengue vectorial capacity equation. Our outcome measure, epidemic potential, is the reciprocal of the critical mosquito density threshold of the vectorial capacity equation. An increase in epidemic potential indicates that a smaller number of mosquitoes can maintain a state of endemicity of disease where dengue virus is introduced.
Baseline dimate data for comparison are from 1931 to 1980. Among the three GCMs, the average projected temperature elevation was 1.16°C, expected by the year 2050. All three GCMs projected a temperature-related increase in potential seasonal transmission in five selected cities, as well as an increase in global epidemic potential, with the largest area change occurring in temperate regions. For regions already at risk, the aggregate epidemic potential across the three scenarios rose on average between 31 and 47% (range, 24-74%). If dimate change occurs, is many climatologists believe, this will increase the epidemic potential of dengue-carrying mosquitoes, given viral introduction and susceptible human populations. Our risk assessment suggests that increased incidence may first occur in regions bordering endemic zones in latitude or altitude.
Endemic locations may be at higher risk from hemorrhagic dengue if transmission intensity increases. Key wordk: Aedes, biological models, climate, dengue, greenhouse effect, risk assessment, virus diseases. Environ Health Perspect 106:147-153 (1998). [ Online 3 February 1998] htp://ehpnetl.nies.nih.gov/docs/1998/106p147-153patlabstract.hteml An estimated 2.5 billion people are at risk from dengue infection (1) , and globally, dengue viruses are one of the most important arthropod-borne viruses transmitted to humans, whether measured in terms of the number of infections or deaths (2) . Cases from recent epidemics have numbered in the millions, although only a small fraction of these is reported (3) . Outbreaks in urban areas infested with dengue's primary mosquito vector, Aedes aegypti, can involve up to 70-80% of the populations (4) . Unlike yellow fever, also carried by Aedes aegypti, a vaccine is not available for dengue. While a bivalent vaccine developed in Thailand has undergone human trials (5) , to date, a tetravalent vaccine has not been developed.
Between 250,000 and 500,000 cases of dengue hemorrhagic fever/dengue shock syndrome (DHF/DSS), the more severe form of the disease, occur yearly throughout the world, and the case fatality rate can be as high as 40% without treatment (6) or 1-5% with appropriate fluid replacement therapy (7) . In Southeast Asia, DHF/DSS appeared in the 1950s. In the Americas, dengue and DHF/DSS reemerged during the late 1970s (4, 8) . In Latin America during 1995 (3, 9) . Infectious agents that require coldblooded invertebrate species in order to complete their life cycle are particularly sensitive to subtle changes in temperature. Dengue transmission is largely confined to tropical and subtropical regions because freezing temperatures kill overwintering larvae and eggs of Ae. aegypti mosquitoes (10) . Also, temperature strongly affects pathogen replication, maturation, and period of infectivity, as laboratory data suggest that the extrinsic incubation period (or viral development rate) shortens nonlinearly with higher temperatures, increasing the proportion of mosquitoes that become infectious at a given time (11, 12) . Also, elevated temperatures can shorten insect survival time or disrupt pathogen development.
Given the relationship between temperature and dengue transmission, the possibility of climate change implores us to raise new questions about potential augmentation in the spread of this disease. The United Nations Intergovernmental Panel on Climate Change (IPCC) has suggested that by the year 2100 the average global temperature may rise by 2.0°C (range, 1.0-3.5°C) (13) . This projected rate of increase in temperature is fourfold that of the past century, over which time a 0.5°C rise in global mean surface temperature has resulted from a 30% increase in atmospheric CO2 (14) . Relevant to infectious disease distribution, minimum temperatures are now increasing at a disproportionate rate compared to average and maximum temperatures (15) , and this trend is predicted to continue under climate change scenarios. Such conditions may allow dengue and other climate-sensitive vector-borne diseases to extend into regions previously free of disease, or they may exacerbate transmission in endemic parts of the world.
While several studies have demonstrated the climate sensitivity of determinants of dengue fever transmission (9) (10) (11) (16) (17) (18) , they do not provide a quantitative assessment of the impacts of global climate change. In this study, we used simulation analysis to project the temperature-related alteration in potential dengue transmission resulting from global climate change scenarios of the IPCC. We focused on the influence of temperature on the dynamics of viral transmission for a given infected mosquito population; the change in mosquito population densities that could also be anticipated from heavier precipitation accompanying warming is dependent on numerous site-specific parameters and so is not practical for this global study. Here, we present a scenario-based modeling approach as an important first step towards quantifying potential alteration in dengue transmission as a result of climate change.
Materials and Methods
We applied climate model outputs to the vectorial capacity (VC) model of disease transmission (19) using well-validated, climate-related parameters previously used in a dengue transmission simulation model (20) . These dengue-specific parameters embedded within the vectorial capacity model were linked, as described by Martens (21, 22) , to monthly averaged outputs of temperature generated from three general circulation models (GCMs) of (20) . Assumptions used in the EP index (Table 1) were based on well-referenced entomological factors and transmission factors described in more detail in these validated dengue models of Focks et al. (20, 25, 26) .
Temperature sensitivity varies between parameters used in the simulation models. In areas with suitable temperatures and rainfall or domestically maintained containers, the EIP is the parameter that most influences month-to-month transmission (30) , and the Geophysical Fluid Dynamics Laboratory (GFDL89) in the United States (31) . Output values (contained within grid boxes) approximate an area resolution of 250 km horizontally and 1 km vertically in the atmosphere (13) 
Results
In the dengue EP model, as temperatures increased the accelerated development rate of the virus and the increased mosquito biting rate dominated up to a temperature of 40°C, at which point potential transmission dropped sharply (Fig. 1 ).
Our EP model for Bangkok peaked during April through May (Fig 2A) . With an estimated 3-month duration of the log growth phase, this suggests a peak in human cases during July and August. In Thailand, cases of dengue are reported from all provinces throughout the year, and transmission is seasonal, with the peak number of cases country wide occurring in July and August (33) , or approximately 2-3 months after our calculated peak in EP. This time lag between peak EP and reported human cases matched the transmission growth phase of 2-3 months for this region, as determined by Focks et al. (20) .
Transmission also occurs year-round in Puerto Rico, with some 55% of all cases occurring in September through December (34). While rainfall is related to mosquito breeding in southwestern Puerto Rico, in most other areas there are numerous waterfilled artificial containers that make breeding largely independent of precipitation (35) . Temperature elevation in San Juan, as projected by the three GCMs, may result in a longer period of enhanced transmission (Fig. 2B) .
Mexico City, although surrounded by endemic dengue, has historically been free of dengue transmission by virtue of the city's altitude (2,485 m) and cool climate (36) . Although temperatures in Mexico City do not preclude mosquito breeding, they are sufficiently cold to extend the extrinsic incubation period, preventing viral transmission. While the city has a low epidemic potential throughout the year, our EP model showed a relative increase around April (Fig. 2C) , a finding consistent with current climate influences that also make April the most likely month for dengue transmission.
Athens and Philadelphia are nonendemic cities that have historically experienced epidemic outbreaks of dengue (9,317. Our projections suggest that transmission of introduced virus could occur in these cities ( Fig. 2D and 2E) . In the EP model, the transmission growth phase lasted for about 1 month. An elevation of the epidemic potential for both cities was projected under the three climate change scenarios; actual transmission, of course, would depend on the presence of other factors.
The three GCMs projected similar patterns of global change in dengue EP (Fig.  3) . According to the three models, warming would average 1. 16°C, a value close to the IPCC best estimate for around the year 2050 (38 subtropical regions would experience an increase in EP to a lesser extent or would remain unchanged.
For developing countries, these maps generated from the three GCMs indicate upward changes in potential infectious disease transmission. On aggregate, this increase in potential risk varied between 31 and 47% for these regions. The specific GCMs yielded the following increases: ECHAM 1-A, 47% (37-74%); UKTR, 31% (24-47%); and GFDL89, 45% (35-69%).
Discussion
Our study is one of the first to use GCMs, the most highly developed climate models available (13) aegypti often co-exist, but where temperature may limit disease transmission. Natural or human circumstances also may prevent transmission from rising to the level necessary to cause detectable epidemics under current conditions. If introduced, however, dengue infection among these new populations could be extensive because inhabitants of these regions lack immunity from past exposures.
Precipitation was excluded from the analysis for several reasons. While rainfall does affect mosquito population densities in some parts of the world, in the literature there is no evidence that rainfall influences adult survival. Our study addresses transmission potential of a given mosquito population size. EP is sensitive to temperature and is derived directly from vectorial capacity equations to determine the efficacy by which a given number of mosquitoes can transmit dengue, maintaining endemic transmission. Because we are modeling transmission dynamics rather than the changing size of mosquito populations, rainfall or mosquito breeding sites are not relevant to this particular analysis. For this same reason, temperature variability that can affect local mosquito breeding sites through evaporation does not change our results.
Mosquito population densities are quite relevant, however, to more site-specific types of field studies currently under way. Determining shifts in population size would provide a more comprehensive analysis, but is not feasible for our global assessment. Population fluctuations related to temperature and precipitation can be determined by parameterizing the dengue simulation models (CIMSiM and DENSiM) at specified sites; this has been achieved in several locations (20) , but the site-specific field data collection required is not practical for regional or global scale simulation analysis.
Additionally, some site-specific studies of Ae. aegypti population densities have found that domestic water storage practices or the abundance of peri-domestic breeding containers (e.g., discarded tires and small containers) are more important than rainfall. Therefore, global precipitation models may be less appropriate for dengue transmission simulation compared to malaria, for example. In most of Puerto Rico (except in the southern portion), rainfall is adequate so that the number of water-filled artificial containers is largely independent of precipitation (35) . Likewise, in Bangkok, dengue transmission rates appear to be unrelated to rainfall and have been attributed instead to human-filled artificial containers (39) . Considering these observations, which are compounded by the greater uncertainty in projections of regional precipitation and climate variability as compared to future temperatures (13), using Volume 106, Number 3, March 1998 * Environmental Health Perspectives global precipitation estimates at this stage would likely lead to less meaningful results.
Assessing the health effects of climate change will require analysis on various geographical and temporal levels (40) . The combination of large-scale climate modeling with small-scale, site-specific evaluation would best account for both the global dynamics of climate change and the local conditions affecting disease transmission. Computer simulation modeling can aid in management of complicated disease systems and represents an important adjunct to traditional methods of investigation (41) . Modeling is particularly useful in evaluating long-term climate variability, for which prospective studies lack feasibility and historical studies lack similarity with the unprecedented accelerated climate changes projected by climatologists.
Other etiologic factors not addressed at this level of integrated modeling must ultimately be incorporated to determine human risk to dengue fever. Urbanization, population density, poverty, inadequate mosquito control, absence of water systems, and international travel or migration are among factors believed to have contributed to the current reemergence of dengue (1, 8) . While climate conditions contribute to epidemic spread and geographic distribution of dengue (11, 42) future integrated models should attempt to account for these sitespecific factors as well (43 (23, 45) . Because dengue involves only one (or two) primary species (Ae. albopictus being a competent though less significant carrier at present), our global maps of dengue epidemic (47) . Climatic change, as projected by the three GCMs, may result in a longer period of intensive transmission, driving up the risk of DHF/DSS in younger populations. Two major concerns arise. First, the increasing intensity of transmission results in higher seroprevalence, thus raising the number of individuals at risk of a sequential dengue viral exposure. Second, and more important, as the age drops for persons receiving primary dengue exposure, the likelihood increases for a second exposure among the preadolescent age group most at risk for fatality from a hemorrhagic event (24) .
Conclusion
While the sensitivity of dengue to climate factors is well documented, the influence of the past century's temperature rise of approximately 0.5°C (13) 
